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
Unevencellsproblemisauniversalphenomenoninthecellgroupingapplication.Itwillcauseperformanceandsafety
problemsiftheunevenisnotconsideredduringpackdesignandapplication,especiallyfortheautomotiveapplication.
TheECMmodelisusedforthestudyoftheunevencellsphenomenonofthepowerbatterypackintheautomotive
application. An EV model and a FCV model are used for simulating the current profiles for two representative
powertrainsystems.ThelinksoftheECMaresetinfiveconditionsforseparatestudyontheimpact.Theresultsshow
differentimpactontheSOCandvoltagewiththesamesetsoflinksforthetwopowertrainmodel.Thecellgrouping
designandthebalancealgorithmshouldbeadjustedaccordingtothedifferentapplicationbackgroundwhentheuneven
cellsproblemsareconsidered.
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The increasingdemandfor thedepletingnonrenewableenergysources led to the increasingneedfor
researchanddevelopmentforharnessingrenewableenergysourcesefficiently.Theworldwideincreasein
demandforfossilfuelsforapplicationsliketransportationandthepressingneedtoreducethegreenhouse
gasemissionshasfosteredthedevelopmentinelectricvehicle(EV)andhybridvehicle(HEV)technology.
Usingelectricenergyfortransportationpurposeswillhelpreducenotonlythegreenhousegasesbutalso
thedependencyonconventionalfuels.
ThebatteryorthebatterypackisoneofthekeycomponentsintheEVorHEV.Thebatterypackconsists
ofmanycells,whosequantitymaybefromdecadestothousands.However,theparameterofeachcellis
notinuniformity.Thecausesofunevencellscouldbecategorizedintotwophases.Onephaseisintrinsic
whichhappensduringtheprocessofthecellproduction;anotherisextrinsicwhichiscausedbytheuseof
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theenvironmentforthecell.Inthecellproduction,thereareseveralaspectsthatwouldcausetheuneven
cells.Theyaretheheterogeneousmaterial,theunevendopingprocessandtheflawduringthecellassembly.
During theapplicationof thecell, thedifferentuseof theenvironment foreachcellwouldenlarge the
intrinsicunevenofthecells.
Theunevencellswouldcausemanyproblemsduringthebatteryapplication.Forexample,someofthe
cellsinthepackmaybeundervoltageorovervoltageduringdischargeorchargeprocesswhilethevoltage
ofthewholepackstaysinthenormalscope.Theundervoltageandovervoltagecouldcauseperformance
fadeofthededicatedcells,whichleadstomoreunevensinthepack.Theovervoltagecouldalsocause
moreheatgenerationfromthededicatedcells,whichwouldimpactthecellsaroundthemandevenleadsto
thermalrunaway.Thus,itisacomplexproblemforthebatterymanagementsystem(BMS)inestimationof
the single cell status and controlling cells in the pack away from abuse. It is necessary to analyze the
behavioroftheunevencellsduringtheapplicationofthebatterypack.Suchinformationwouldbehelpful
inthebatterypackdesignandBMSalgorithmsadjust.Butthefactorsthatcausetheunevenalwayscouple
togetherintherealworld,sothedatafromtherealworldisdifficultforanalyze,especiallyinstudyingthe
impactoftheelementsrespectively.
Theequivalentcircuitmodel (ECM)hasbeenwidely used in thebatterymodelingandonline status
estimation[1][6].TheECMisaccurateinthedescriptionofasinglecell.ItispossibletouseECMofthe
celltoformabatterypackmodelinwhichallcellsareconnectedinserial.Avehiclepowertrainmodel
couldbecombinedwithitforcosimulationtogaindataforfurtherstudy.Theparametersofeachcellcould
besetpurposivelytogainmuchclearphenomenaforpartitionthedifferentcauseandeffect.Theresult
wouldbehelpfulforbatterypackdesignandutilization.
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Fig.1Equivelentcircuitmodeloflithiumionbattery
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TheECMmodelusedinourexperimentispresentedinFig.1.R0representstheohmicresistance;R1and
C1representthediffusionprocessduringcellchargeanddischarge;R2andC2representthemasstransfer
processduringcellchargeanddischarge;C0representthecapacityandSOCofthecell.BecauseSOChasa
closerelationshipwiththecell’sOCV,itcouldbedescribedintheOCVSOCfunctionastherightpartof
Fig.1.Alltheselinksandtheirparameterscouldbeclassifiedintotwocategoriesaccordingtotheinfluence.
Onehasadirectrelationshipwiththecell’soperationpoints.ThesefactorsincludeOCV(SOC),voltageson
C1andC2;Anotheristhefactorswhichreflecttheintrinsiccharacteristicofthecell,suchasR0,C1andso
on.TheECMcouldbetransferbystateequationsandanoutputequationasfollow.Tisthesteptimefor
calculation.
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TheaboveequationcouldbewritteninMatlabSFunctionandincorporatedintoSimulinkmodel for
simulation.ThebatterypackmodelweusedforsimulationisbasedonthisECMmodel.Theparametersof
eachcellinthepackcouldbesetrespectivelybasedonthestatisticdatafromthecellsamples.Thepack
modelsetthecellsinserialconnection.
 
Weselected96LiMnO2cellsforstatusandparameteranalyzetofindageneraldistributionlawofthe
unevencells.Thecapacityandohmic resistanceof eachcell aregainedby test.Their distributionsare
showedwithbarplotinFig.2andFig.3;thelineplotisthefitlineofdistributions.Fig.3showsthatthe
cells’capacitydistributioncouldbefittedwellbynormaldistribution.Themeanvalueis9061mAh;the
sigmavalueis0.075.Thefitlineofohmicresistanceisnotasgoodasthecounterpartofthecapacitydueto
thetestdataprecision.TheseshapesofdistributionaresimilarwiththereportedresultfromDubbary[7],in
which all the parameters of the cells have a similar distribution shape and could be fitted by normal
distribution.Thisphenomenonalsoconforms to thegeneraldistribution law in theordinaryproduction
process.Thus,inthefollowingsimulation,theunevenoftherelatedlinksofthecellmodelinthebattery
packissupposedtobeundertheruleofnormaldistribution.
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Fig.2Ohmicresistancedistributionof96cells
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Fig.3Capacitydistributionof96cells
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Itisnecessarytobuildavehiclemodelwithpowertrainsystemtogetthecurrentprofilewithelectric
vehicle characteristic for this purposively study. In our simulation, we buildmodels in AMESIM and
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Simulink.Fig.4showsavehiclemodeloffuelcellvehicle(FCV),inwhichthebatterypackmodelisbuilt
inSimulinkwithSFunction,usingtheECM.Webuildtwotypesofpowertrainsystemmodelrespectively
foroursimulation;oneisanEVpowertrainsystem;theotheroneisaFCVpowertrainsystemwhichisa
hybridpowertrainsystembetweenfuelcellandlithiumionbattery.Batterymodelandvehiclemodelare
linkedtogetherforcosimulation.

Fig.4FCVmodelforsimulation
ThebasicparametersofthetwosystemsareshowninTABLEIandTABLEII.
TABLEIPARAMETERSOFEV
Parameter(unit) Value
Massofvehicle(tonne) 1.3
Tirewidth(mm) 185
Tireheight(%) 60
Wheelrimdiameter(in) 15
Airpenetrationcoefficient 0.36
Vehicleactiveareainaerodynamic
drag(m2)
2.08
Gearration 5
Motormaximumtorque(Nm) 150
Motormaximumspeed(rpm) 12000
Motormaximumpower(kW) 30
Batterypacknominalvoltage(V) 296
Cellsinserials 80
Cellnominalcapacity 9.1
SOCworkingrange(%) 10~90
TABLEIIPARAMETERSOFFCV
Parameter(unit) Value
Massofvehicle(tonne) 1.8
Tirewidth(mm) 215
Tireheight(%) 60
Wheelrimdiameter(in) 16
Airpenetrationcoefficient 0.31
Vehicleactiveareainaerodynamic
drag(m2)
2.2
Gearration 5
Motormaximumtorque(Nm) 400
Motormaximumspeed(rpm) 12000
Motormaximumpower(kW) 90
Batterypacknominalvoltage(V) 355
Cellsinserials 96
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Cellnominalcapacity(Ah) 9.1
SOCworkingrange(%) 40~60
FuelcellnorminalPower(kW) 50
The same typesofLiMnO2cell areused tobuild thebatterypackmodel in the two systems for the
conveniencecomparebetweentwoplatforms.ThenominalECMparametersoftheselectedcellareshown
inTABLEIII.
TABLEIIIPARAMETERSOFCELL
Parametername(unit) value
Capacity(Ah) 9.1
R0(m) 1
R1(m) 5
R2(m) 0.3
C1(F) 2000
C2(F) 150
 
ThedriveprofileselectedforsimulationisFTP75,ahighspeedprofilewithadurationof2500s,which
includesdrasticaccelerationandhighspeedcruiseasshowninFig.5.Thisprofilecouldreflectthebattery
performanceunderextremecondition.

Fig.5Speedprofileforsimulation
FiveconditionsweresetforthestudyonthedifferentimpactoftherespectiveelementsintheECM.The
cells’capacity,initialSOC,R0,R1R2andC1C2weresetinthenormaldistributionrespectivelyunderthe
fiveconditions,whiletheotherelementsaresetinuniformityaccordingtotheparameterslistedinTABLE
III.
Condition1:Cells’capacitiesaresetinnormaldistributionwithmeanvalueof9.1andsigmavalueof
0.91.
Condition2:Cells’initialSOCaresetinnormaldistribution;forEVmodel,themeanvalueis80%,the
sigmavalueis3.1;forFCVmodel,themeanvalueis50%,thesigmavalueis5;
Condition3:Cells’R0aresetinnormaldistributionwithmeanvalueof1andsigmavalueof0.1.
Condition4:Cells’R1andR2aresetinnormaldistribution;meanvalueofR1is5,sigmais0.5;mean
valueofR2is0.3,sigmavalueis0.03.
Condition5:Cells’C1andC2aresetinnormaldistribution;meanvalueofC1is2000,sigmais200;
meanvalueofC2is150;sigmais15.
Thedistributionsettingismeanttocomparetherespectiveimpactsfromthedifferentparametersunder
thesimilartherelativedispersion.
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 
InFig.6~Fig.15,thebluelinesrepresentthevalueofthecell;theredlinerepresentthemeanvalueof
allcells.SinceunevenonSOCcouldbereflectedbyunevenonOCV.Thusthevoltagecouldbetakenasan
exhibitionofSOCinthecondition1andcondition2wheretheotherfactorsthataffectvoltagearesetin
uniformity.Thus,weonlyexhibitthevoltagechangeinthesimulation.
 
Themaximum capacity for FCV and EV simulation are set in same dispersion. The impact on EV
applicationismuchbiggerthanthatonFCVasshowninthefollowingfigures.Sincethe OCV/ SOC△ △
enlargesinthelowSOC,thevoltagedifferencebecomesmuchbiggerneartheendofEVsimulation.For
LiMnO2cell,itis3mVfor1percentSOCintherangeofSOC40%~80%,whereasthevaluedoublesunder
SOC25%.ThusthevoltagedifferencebetweencellsintheFCVmodelcouldalmostbeneglected;butin
theEVmodel,themaximumdifferenceisabout200mV,whichismorethan1/10oftheworkingvoltage
scopeforLiMnO2battery.

Fig.6VoltagechangeunderFCVcondition1

Fig.7VoltagechangeunderEVcondition1
 
TheimpactsofinitialSOChaveadirect impactoncellSOCwhichwillnotchangewiththecurrent
profile.But thevoltagedifferenceenlargedalsobecauseof the OCV/ SOCenlargement in the low△ △
SOCneartheendofEVsimulation.Acellbalancecircuitcouldhelptorelievethisunevenifthisdesignis
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incorporatedintheBMS.

Fig.8VoltagechangeunderFCVcondition2

Fig.9VoltagechangeunderFCVcondition2
 
TheOhmicresistancehasamoresignificantimpactonvoltageintheFCVmodelsimulationduetoa
moredrasticcurrentprofileofthebatterypack.Themaximumdifferenceofvoltageisabout100mVinthe
FCV,almosttwiceofthatintheEV.Itisproportionalwiththemaximumcurrentintensitybetweenthetwo
typesofsimulation(150AfortheFCV,80AfortheEV).Thereasonscausedthedifferenceinthecurrent
intensityarethedifferentmass,motorpower,tirewidthandsoon.Ingeneral,itisdirectlyrelatedwiththe
currentdensity.

Fig.10ExtremevoltagedifferenceunderFCVcondition3
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Fig.11ExtremevoltagedifferenceunderEVcondition3
 
PolarizationprocessimpactonvoltagecouldbeneglectintheFCVsimulation.Themaximumvoltage
variance is less than10mVasshowninFig.10andFig.14.The impact in theEVsimulation ismuch
prominent; themaximumvoltagevariance is about30mV. If thedispersion is larger, the impactof the
polarizationprocesswouldbecomparablewiththatoftheohmicresistance.Thissituationcouldhappenif
wesettherelativedispersionofthepolarizationprocesstomorethan43%asreportedbyDubbary[7][8].In
ourcurrentsimulationthevalueisnear30%.

Fig.12ExtremevoltagedifferenceunderFCVcondition4

Fig.13ExtremevoltagedifferenceunderEVcondition4
992  Wang Jiayuan et al. / Physics Procedia 24 (2012) 984 – 996





Fig.14ExtremevoltagedifferenceunderFCVcondition5

Fig.15ExtremevoltagedifferenceunderEVcondition5
 
FromtheECM,thedifferencesofvoltagecausedbytheunevenoftheelementscouldbeconcludedto
thefollowingequations.
TheimpactoftheunevenoftheinitialSOCatthebeginningofsimulation:

1 

 

  
  
       
∆∆ = × ∆
∆
∆ −
∆ −
∆ −  (2)
Impactoftheunevenofthecell’sactualmaximumcapacity:

2 ( )
'
' max
'
 
 


   
  
         
     
        
− ∆∆ = × ∆ ×
∆
∆ −
−
− (3)
Impactofunevenofthecell’sactualohmicresistance:

3 0
0
  
        
∆ = ∆ ×
∆ − (4)
The following figures show the frequency spectra differenceof the current profiles between theEV
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modelandtheFCVmodel.
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Fig.16EVcurrentspectra
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Fig.17FCVcurrentspectra
The impact of polarization process is closely relatedwith the current density and frequency spectra
whichneedfurtherstudytoclarifythelaw.
Foradeepunderstandoftheaboveequations,wesetdifferentparametersscopeforcalculationandplot
theresult.
ForEq.2, OCV/ SOCand△ △ ∆ aretakenastwoparameters.Thescopeof OCV/ SOCis△ △
set0~5mV/1%.Thescopeof ∆ isset0~20%.Then,Fig.18isplottedwithacleardescriptionof
theimpactonvoltagecausedbyinitialSOCdifferencewiththeOCVlinetakingintoconsideration.
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Fig.18ImpactofinitialSOC
For Eq. 3, 1    = and 2 ( )    = − ∆ are taken as two parameters. Since    is much
biggerthan ( )   − ∆ and  iscloseto  .So    isreplacedby
2( ) inthecalculation.We
set themaximum capacity range from5 to10Ah, dQ range from0 to2Ah (20%DOD)andmaximum
capacityunevenrangefrom0to2AhfordemonstrateofHEVbatterycondition.ForEVbatterycondition,
capacityrangefrom20to80Ah,dQrangefrom0to64Ah(80%DOD),maximumcapacityunevenrange
from0to16Ahareselected.Fig.19andFig.20showthecalculationresult.

Fig.19ImpactofDOD&CapacityunevenforHEVbattery
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Fig.20ImpactofDOD&CapacityunevenforEVbattery
 
TheECMcouldbeusedforanalyzetheunevencellsimpactonSOCandvoltageindifferentapplication
background.TheelementsintheECMreflecttheinnercharacteristicofthecells.Indifferentapplications,
theunevenoftheelementswillaffectwithdifferentintensity.
Thecell’smaximumcapacityunevenandinitialSOCunevenalwaysplayimportantrolesintheSOC
andvoltageuneven.
ForHEVapplication,Ohmicresistanceunevenisthemainfactorthataffectsthevoltage.Theeffectof
polarizationprocessisminorenoughtobeneglected.
ForEVapplication,theeffectofpolarizationprocesscouldbecomparablewiththeohmicresistance.But
their affects areminorwhen comparedwith capacity andSOCuneven, if their relativedispersions are
similar.
SOCunevencouldberelievedbycellbalancecircuit.TheeffectofSOCunevenonvoltageisrelated
withOCVSOCline,whichisexhibit inFig.18.Sothecontrolalgorithmofthecellbalanceshouldbe
adjustedfordifferenttypesofbatterywithdifferentOCVSOCline.
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